Human vision begins when light is focused on an array of 125 million photoreceptors, rods, and cones in the retina of each eye ( Hubel 1988) . Our ability to see the spectrum ranging from about 400 to 700 nm is controlled by four types of photosensitive molecules, the visual pigments. The visual pigments in rods are responsible for our dim vision, having a wavelength of maximal absorption (max) at 495 nm, and those in three types of cones with max values at about 420 nm, 530 nm, and 560 nm ( Boynton 1979) . Each of these visual pigments consists of a chromophore, 11-cis-retinal, and one of four different types of opsins (Wald 1968) . These opsins are encoded by four distinct opsin genes ( Nathans and Hogness 1984; Nathans et al. 1986 ).
In nature, a variety of ecological niches in which vertebrates live is rivaled by a striking level of diversity at both visual pigment and photoreceptor levels ( Bowmaker 1991; Lythgoe 1979; Walls 1942; Yokoyama and Yokoyama 1996) . Two recent advances in vision research have been instrumental in elucidating the genetic bases of vertebrate vision. First, the number of the DNA sequences of various opsin genes has increased dramatically. Comparative analyses of these sequence data reveal the importance of opsin gene duplications followed by amino acid replacements, providing bases for ecological and physiological adaptations ( Yokoyama 1997; Yokoyama and Yokoyama 1996) . Of importance, from the sequence data we can identify potentially important amino acid changes that may be responsible for the modification of the absorption spectra of visual pigments. Second, virtually any opsins can be expressed in cultured cells, reconstituted with 11-cis-retinal, and the max values of the regenerated visual pigments can be measured (Oprian et al. 1987) . Applying this in vitro assay to wildtype and mutant opsins, we can evaluate the mutational effects on the shifts in the max values of visual pigments. Thus the comparative analyses of the amino acid sequences of visual pigments followed by the mutagenesis analyses provide an ideal approach to study molecular bases of genetics and evolution of vertebrate vision simultaneously ( Yokoyama 1997) .
Variation in Photoreceptor Cells and Visual Pigments
In general, rods function in dim light and cones are responsible for color vision. Thus in order to maximize sensitivities to the available light in their habitats, most deep-sea fishes or nocturnal organisms have a higher proportion of rods in the retina (Crescitelli 1972; Locket 1977) , whereas freshwater fishes use abundant red, green, and blue cone pigments in their retina ( Lythgoe 1984; Partridge et al. 1989) . Many fish, frogs, and birds also maximize the function of photoreceptor cells by mechanistically repositioning the showing the seven transmembrane helices together with the intradiscal amino terminal and II-III, IV-V, and VI-VII loops, as well as the cytoplasmic carboxy terminal and I-II, III-IV, and V-VI loops [modified from Applebury (1990) ]. The 11-cis-retinal is linked to K296. The locations of amino acid replacements Q122E, L207M, and A292S in the coelacanth RH1 and RH2 pigments are also indicated.
Figure 2.
Amino acid changes causing a shift of more than 5 nm in the max value ( black circles) and those with no changes (gray circles). The topology of the rhodopsin is based on the bovine model of Hargrave et al. (1983) . Amino acid changes (1-10) shifting the max value more than 5 nm are shown in black circles. Other amino acid changes that do not change or change the max value less than 5 nm are also shown in gray circles. b-RH1, c-RH1, c-RH2, f-RH1, h-red, mgreen, and d-green denote bovine (P500), coelacanth (P485), coelacanth (P478), cavefish (P503), human (P560), mouse (P508), and dolphin (P524) pigments, respectively. Data source: mutant 1 ( Nathans 1990 ); 2 ( b-RH1, Nathans 1990; c-RH1 and cRH2, 3 (Asenjo et al. 1994) ; 4 (Sun et al. 1997) ; 5 ; 6 ( Nathans 1990 ); 7 ( b-RH1, Chan et al. 1992; h-red, Asenjo et al. 1994; f-RH1, Yokoyama et al. 1995) ; 8 ( Nakayama and Khorana 1991); 9 ( b-RH1, Chan et al. 1992; h-red, Asenjo et al. 1994) ; and 10 ( b-RH1, Sun et al. 1997; m-green, Sun et al. 1997; c-RH1, Yokoyama et al. 1999; d-green, Fasick and Robinson 1998). photoreceptor cells in the retina. In bright light, the rods elongate and the cones contract, placing the cones first in line for light reception and shielding the rods from light exposure, whereas the opposite movement of photoreceptor cells occur during the dark. This retinomotor activity can be regulated by both circadian signals and light ( Besharse et al. 1988) . The color vision of many amphibians, reptiles, and birds are also modified by the colored oildroplets that are lodged in their photoreceptor cells ( Bowmaker and Knowles 1977) .
Functional modifications of photoreceptor cells can also be achieved by both chromophore and opsin of visual pigments ( Figure 1 ). Many amphibians and fishes detect longer wavelengths by replacing the chromophore 11-cis-retinal with 11-cis-3,4-dehydroretinal of their visual pigments (Whitmore and Bowmaker 1989; Harosi 1994) . The switch between the two types of photoreceptors can occur under certain ecological conditions or developmental stages ( Lythgoe 1979; Walls 1942) . The modifications of visual pigments to different environments can be very subtle, as exemplified by fish species that occupy progressively deeper habitats showing gradual blue shifts in max values ( Bowmaker et al. 1994 ).
Phylogenetic Relationships of Visual Pigments
Despite all of the complexities at the visual pigment and photoreceptor cell levels, a single type of visual pigments is expressed in a specific photoreceptor cell type. Furthermore, the visual pigments are responsible for detecting a wide range of max values from ultraviolet ( UV) to infrared and are the most basic players in the light absorption by photoreceptor cells. Thus visual pigments have been subjected to intense molecular analyses (Rao and Oprian 1996; Sakmar and Fahmy 1996; Yokoyama 1997) .
So far about 100 opsin genes, encoding the visual pigments whose max values are evaluated, have been cloned and sequenced. The spectral properties of the photoreceptor cells from a diverse array of vertebrates have been compiled using not only physiological methods but also the in vitro assays using cultured cells (e.g., see Ali and Wagner 1974; Lythgoe 1972; Yokoyama 1997) . These pigments are classified into six evolutionary groups: RH1 cluster (consisting of mostly rhodopsins with max values at about 500 nm); RH2 cluster (a mixture of pigments with max values at 470-510 nm); SWS1 cluster ( blue-sensitive pigments with max values at 360-430 nm); SWS2 cluster ( blue-sensitive pigments with max values at 440-460 nm); LWS/MWS cluster (a mixture of red and green pigments with max values at 510-560 nm); and P cluster, consisting of the nonretinal pineal gland-specific pigments with max values at 470-480 nm ( Yokoyama 1997; Yokoyama and Yokoyama 1996 ; see also Okano et al. 1992 ). The gene duplications followed by amino acid substitutions are the basis for the functional differentiation of the six groups of pigments. Within each pigment group, further functional differentiations and sometimes additional opsin gene duplications can also be detected ( Yokoyama 1997; Yokoyama and Yokoyama 1996) .
Site-Directed Mutagenesis of Visual Pigments
Introducing various mutations into bovine rhodopsin pigment, the structural and functional properties of the pigments have been elucidated. However, most of these mutations are not found in nature, and their significance in the spectral tuning is not immediately clear ( Yokoyama 1995) . Based on actual polymorphism data, mutagenesis experiments have also been conducted using visual pigments of mammals (Asenjo et al. 1994; Chan et al. 1992; Fasick and Robinson 1998; Nathans 1990; Merbs and Nathans 1993; Nakayama and Khorana 1991; Sun et al. 1997; ) and fishes . These results are useful in understanding the mechanisms of the adaptive changes of visual pigments.
These experiments show that amino acid changes at 10 sites cause more than 5 nm shifts in the max values of pigments ( Figure 2 ). Note that 9 of 10 sites are located in the transmembrane domains. This makes sense because the chromophore is embedded inside the transmembrane domains, where the chromophore and an opsin interact (see Figure 1 ). In Figure 2 we can also see that amino acid changes at 14 polymorphic amino acids at highly conserved sites of bovine rhodopsin do not change the max value. It should be noted that the magnitudes of the max shifts caused by identical amino acid changes can differ significantly depending on the amino acid compositions of pigments. For example, the max shifts caused by S292A in different pigments vary from 8 to 28 nm.
Adaptive Evolution of the Coelacanth Vision
How natural selection operates at the molecular level is a major problem in evolu- tionary biology. About 30 years ago, Kimura proposed that most sequence changes in DNAs and proteins are selectively neutral ( Kimura 1968 ( Kimura , 1983 . This ''neutral theory'' is still controversial and we need to demonstrate convincingly the consequences of adaptive evolution and neutral evolution at the molecular level (Golding and Dean 1998) . However, it is not an easy task to elucidate experimentally the molecular mechanisms of adaptive evolution in vertebrates. This is because it is extremely difficult to find genetic systems where the functional effects of possible adaptive mutations can be rigorously assessed. The visual pigments present one of a very few model systems for studying adaptive mechanisms in vertebrates (Golding and Dean 1998) . Here I shall describe one example of adaptive evolution, color vision of the coelacanth (Latimeria chalumnae) ). The coelacanth is the sole surviving species of the old lineage of crossopterygian fishes that were abundant in the Devonian period. This ''living fossil'' now lives at a depth of about 200 m near the Comoros archipelago in the western Indian Ocean ( Frocke et al. 1995; Schliewen et al. 1993) . It is exciting to learn that there appears to exist at least another coelacanth population off the coast of Sulawesi, Indonesia, some 10,000 km away from the Comoros population ( Erdman et al. 1998 ).
Living at a depth of 200 m, the Comoran coelacanths receive only a narrow range of color at about 480 nm (Jerlov 1976) . Like many other deep-sea fishes, the coelacanth has increased the number of rods dramatically at the expense of the number of cones ( Locket 1973 ( Locket , 1980 . To see a narrow range of color at around 480 nm, it appears that the coelacanth retained only rod-specific RH1 and cone-specific RH2 pigments and tuned their max values to 485 nm and 478 nm, respectively . Since the vertebrate ancestor appears to have had all RH1, RH2, SWS1, SWS2, and LWS/MWS pigments ( Yokoyama and Yokoyama 1996) , the last three pigments must have been nonfunctionalized during the evolution of the coelacanth. Compared to those of the corresponding orthologous pigments, the max values of the coelacanth RH1 and RH2 pigments are almost 20 nm blue shifted. How did the two pigments achieve the blue shifts in their max values? This can be tested by conducting site-directed mutagenesis and the in vitro assays. Using these methods, it has been shown that single mutants Q122E and S292A and a double mutant Q122E/S292A of the coelacanth RH1 pigment have max values of 495, 493, and 511 nm, respectively . Thus E122Q and A292S together can shift the max value 25 nm toward blue and fully explain the observed blueshifted max value of the coelacanth RH1 pigment. Similarly, mutants Q122E, L207M, and Q122E/L207M of the coelacanth RH2 pigment have max values of 491, 484, and 499 nm, respectively, showing that E122Q and M207L cause about a 20 nm blue shift in the max . Thus the blue-shifted max value of the coelacanth RH2 pigment can also be explained fully by E122Q and M207L.
It turns out that, using rods and bluesensitive cones simultaneously, cats can distinguish wavelengths in the range of 440-500 nm at twilight (Reitner et al. 1991) . Evidently the coelacanths use rodspecific RH1 pigments and cone-specific RH2 pigments to visualize the entire, albeit limited, range of color available to them. It is fascinating to see that the coelacanth accomplished the coadaptations of RH1 and RH2 pigments to its unique habitat by two independent sets of amino acid replacements E122Q/A292S and E122Q/ M207L, respectively . It is also important to point out that the three critical amino acid sites are located in the transmembrane domains of the visual pigments, where the light-sensitive molecule, 11-cis-retinal, and different types of opsins interact ( Figure 1 ).
max Shifts of RH1 and RH2 Pigments
At present, amino acid sequences of 30 RH1 and 7 RH2 pigments with known max values have been characterized ( Table 1) . These amino acid sequences were aligned by using the CLUSTAL W program ( Thompson et al. 1994 ) and adjusted visually. Given phylogenetic relationships of visual Figure 3 . A composite tree topology of visual RH1 pigments and amino acid replacements at highly conserved residues. The pigments with blue-shifted max values are indicated by rectangles. The tree topology is based primarily on the organismal tree and the detailed phylogenetic relationships within eels, euteleosts, amphibians, and mammals have been obtained by applying the neighbor-joining method (Saitou and Nei 1987) to the aligned amino acid sequence data (see also Yokoyama and Radlwimmer 1998) . Arrows indicate amino acid replacements at highly conserved residues at different stages of evolution. pigments ( Figures 3 and 4) , the amino acid sequences of all ancestral organisms were inferred by a likelihood-based Bayesian method ( Yang et al. 1995 ) using a modified version of Jones, Taylor, and Thornton's (1992) empirical-amino acid substitution model (JTT model). When highly conserved residues are considered, the Dayhoff model based on Dayhoff et al. (1978) and the equal-input model (see Yang et al. 1995) gave identical results. By tracing the changes in both amino acid sequences at highly conserved residues and max values of the pigments in the phylogenetic tree, we can associate certain amino acid replacements to max shifts.
The RH1 pigments usually have max values at about 500 nm, but 7 pigments in Figure 3 show 10-20 nm blue-shifted max values. Conger eel, marine eel, John Dory, coelacanth, and dolphin all live in aquatic environments, where dim and blue light dominate. Thus the blue-shifted max values of these RH1 pigments are most likely due to the result of their adaptation to the blue environments. The reason for the blue-shifted max value of the chameleon pigment may be different from those of the marine animals. The chameleon retina is unique among terrestrial vertebrates, having only cones and 11-cis-3,4-dehydroretinal as the chromophore (Provencio et al. 1992 ). Visual pigments with 11-cis-3,4-dehydroretinal (A2 pigments) absorb longer wavelengths than those with 11-cis-retinal (A1 pigments) ( Harosi 1994; Whitmore and Bowmaker 1989) . Thus the chameleon pigment probably have a blue-shifted max value in order to shift the max value of the A2 pigment at around 500 nm in nature. At present, the reason for the blueshifted max value of the goldfish pigment is not known.
The blue shifts in the max values of these RH1 pigments are associated with amino acid replacements at three highly conserved sites 83, 122, and 292 ( Figure  3) . D83N, E122Q, and A292S in bovine (P500) pigment cause 6, 19, and 10 nm blue shifts, respectively ( Figure 2) . Out of the seven RH1 pigments with the blueshifted max values, the molecular basis of the blue shift in the max value is well understood only for the coelacanth pigment. In theory, D83N, E122Q, and A292S can also explain most of the blue-shifted max values of other pigments. That is, the pigment in the eel ancestor might have achieved the blue shift in its max by A292S. D83N might have caused an additional 5 nm blue shift of the marine eel pigment. Similarly, D83N appears to have caused the blue shifts in the max values of the John Dory and chameleon pigments, while D83N and A292S appear to have caused the blue shift in the max value of the dolphin pigment. D83N has also occurred in the pigment of the common ancestor of lampreys, but the extant lamprey pigments still have max values at 500 nm. This may be caused by the amino acids at other sites. Although all of these hypotheses remain to be tested experimentally, it is strongly suspected that the max shifts in the various RH1 pigments have been achieved by amino acid replacements at only a few sites. Of interest, the same amino acid replacements have occurred several times independently at different stages of vertebrate evolution. Namely, D83N has been traced to five different branches and A292S to three branches.
The RH2 pigments provide examples that the max values of visual pigments do not necessarily translate to those of photoreceptor cells. The max values of the RH2 pigments range between 467 and 511 nm when 11-cis-retinal is used as the chromophore ( Figure 4) . In this group, the coelacanth, chameleon, and gecko pigments have blue-shifted max values. In nature, the photoreceptor cell with the chicken pigment has a max value of 533 nm, instead of 508 nm, and is green sensitive because of the presence of a green oil droplet in the cell ( Bowmaker and Knowles 1977) . The visual pigments of the two goldfish pigments are also green-sensitive due to the 11-cis-3, 4-dehydroretinal chromophore (Johnson et al. 1993; Palacios et al. 1998) . In nature, the chameleon pigment has a max value at 503 nm instead of 495 nm ( Figure 4) , due also to the 11-cis-3, 4-dehydroretinal chromophore (Provencio et al. 1992) . Thus the blueshifted max value of the regenerated chameleon pigment with 11-cis-retinal in vitro again appears to have occurred in order to adjust the max value of the corresponding A2 pigment to about 500 nm. The blue-shifted max of the coelacanth RH2 pigment is again due to adaptations to the dim and blue-colored photic environment ). On the other hand, the gecko pigment is simply blue-sensitive. The inference on the ancestral RH2 pigments reveals four amino acid replacements at highly conserved sites that are associated with the blue-shifted max values ( Figure 4 ). E122Q and M207L are known to be responsible for the blue shift in the max value of the coelacanth pigment . Constructing chimeric pigments, the cause of the blue shift in the max of the gecko pigment was localized somewhere between transmembrane domains I and III ( Kojima et al. 1996) . Thus E122Q in transmembrane III ( Figure 1 ) seems to be a major cause for the blue-shift .
E122Q occurred in the pigment of the tetrapod ancestor ( Figure 4 ) and this ancestral pigment must have achieved a significantly blue-shifted max. E122Q causes an approximately 20 nm blue shift in the max value of bovine rhodopsin ( Figure  2) . It is also known that amino acid changes A164S in both bovine rhodopsin and human green pigments are known to cause a 2 nm red shift in their max values (Asenjo et al. 1994; Chan et al. 1992) . Thus the chameleon pigment appears to have achieved the red-shifted max by A164S. On the other hand, the gecko pigment must have achieved a further blue shift by D83N ( Figure 4) . However, it remains to be seen if these two amino acid changes are sufficient to explain the 30 nm difference between the two lizard pigments. The exact amounts of the blue shift in the max value of the ancestral terrestrial animals need to be evaluated by inferring and constructing RH2 pigments of the ancestral organisms. Of interest, despite having E122Q, the extant chicken and pigeon pigments have max values at 500-510 nm. Thus the pigment in the bird ancestor must have reversed its max toward red. The mechanism of this red shift remains to be elucidated.
Conclusion
Animals and plants in nature exhibit a seemingly endless variety of colors and patterns. Given these variable environments, animals' survivals depend strongly not only on how well they can use their body colors in avoiding predators and in mating but also on how accurately they can evaluate their surroundings. Since vision has profound effects on the evolution of organisms, it is not difficult to imagine that animals modify their visual systems to cope with their special photic environments. Even so, it is still impressive to witness the amazingly diverse vision systems that have actually been achieved by different animals.
The molecular genetic studies of vision began when the bovine RH1 gene ( Nathans and Hogness 1983) and the human RH1, SWS1, MWS, and LWS genes ( Nathans and Hogness 1984; Nathans et al. 1986 ) were cloned and sequenced. The availability of cDNA clones from these studies has facilitated the isolation of opsin genes from a variety of species. Today the number of genomic and cDNA clones of opsin genes isolated from different vertebrate species exceeds 100 and is increasing rapidly. These and other partial opsin gene sequences reveal the importance of both gene duplication events and accumulation of mutations in the functional differentiation of various visual pigments ( Yokoyama 1997; Yokoyama and Yokoyama 1996) .
To understand the molecular genetic basis of spectral tuning of visual pigments, it has been essential to establish correlations between a series of the sequences of visual pigments and their max values. Some of the potentially important amino acid changes identified in this way have to be tested whether they are in fact responsible for the max shifts using site-directed mutagenesis and the in vitro assays. A major goal of molecular evolution is to understand the molecular mechanisms involved in functional adaptations of organisms to different environments, whereas that of phototransduction is to understand the mechanisms of the regulation of wavelength absorption. Therefore both comparative molecular biology of visual pigments and vision science have an important common goal. Clearly molecular evolution has a much more practical side than one might expect, and comparative data analysis can be used as a convenient tool in designing mutagenesis experiments ( Yokoyama 1997; Yokoyama and Yokoyama 1996) . Future studies will illuminate the basic principles underlying adaptive evolution of visual pigments to various photic environments and, at the same time, will improve greatly our understanding of the molecular bases of color vision in vertebrates.
